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1.  INTRODUCTION 


The  1 1  -  V I  compound  cadmium  tenuride  (CdTe)  has  properties  that  make 

it  useful  for  applications  in  several  areas.  With  a  direct  band  gap  of  1.5 

eV ,  it  is  useful  as  an  optical  detector.  In  addition,  CdTe  is  used  as  a 

substrate  for  the  ternary  compound  Hg^  ^_x^CdxTe  to  fabricate  detectors  for 

infrared  radiation.1  CdTe  crystals  have  also  been  used  as  high  resolution 

room  temperature  x-ray  and  gairma  ray  detectors  of  relatively  high 

efficiency  compared  to  Si  or  Ge  because  of  a  relatively  large  average 

electron  density.  Recently,  a  novel  application  of  large  area  CdTe 

gamma  ray  detectors  has  been  proposed  to  search  for  events  from  double-be^a 

decay  candidates  ^Cd,  ^Cd,  12®Te,  and  ^®Te.  Fabi  ication  of  a  CdTe  FET 

a 

device  has  been  reported  with  the  possibility  of  monolithic  integration  of 
detectors  and  devices. 

Ion  implantation  could  play  a  role  in  CdTe  device  fabrication, 
however,  Sigmon1  points  out  that  although  the  effects  of  ion  implantation 
in  elemental  and  III -V  compound  semiconductors  are  relatively  well 
understood,  this  is  not  the  case  for  1 1— V I  compounds.  The  present  work 
shows  that  the  effect  of  B  implantation  into  CdTe  is  quite  different 
compared  to  Si  and  GaAs.  B  was  used  because  of  its  potential  use  as  a 
dopant  in  Hg^  -|_xjCdxTe.  Comparisons  are  also  made  to  theoretical  results 
from  the  Monte  Carlo  computer  code  TRIM.-* 
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II.  EXPERIMENT 


Three  multiple-energy  B  implantations  were  done  into  randomly  oriented 
single  crystal  CdTe  samples.  The  experimental  parameters  of  the  three 
implantations  are  listed  in  Table  1.  The  three  implantations  will  be 
referred  to  as  'narrow  RT, '  'narrow  LN2'  and  'deep  RT',  where  RT  (nominally 
293  K)  and  LN2  (nominally  77  K)  refer  to  the  sample  temperature  during  the 
implantations.  Identical  implantations  were  also  done  into  GaAs  and  3i 
crystals.  In  all  cases,  the  implantation  current  was  kept  below 
0.25  yA/cm2  to  minimize  effects  from  sample  heating.  The  narrow  RT 

4  '■y 

implantation  was  done  with  IUB  so  that  the  B  distribution  could  be  measured 
with  neutron  depth  profiling^  by  the  reaction  ^Bfn,  a)^  Li. 

Table  1.  B  Implant  Conditions 


Implant 

name 

I  on 

Ion  Energies 
(keV) 

Implant 

Temperature 

(K) 

B  Dose 
( 1015/cm2) 

Total  B 

(  1010/i 

Narrow  RT 

’V 

50 

293 

5 

15 

100 

10 

Narrow  LN2 

IV 

50 

77 

5 

10 

100 

5 

Deep  RT 

1V 

40 

293 

1 

3 

100 

1 

400 

1 

Following  the  implantations,  the  strain  was  measured  from  rocking 
curves'  obtained  with  a  double  crystal  x-ray  diffractometer.  In  this  case, 
Cu  K  radiation  from  (400)  reflections  from  a  Ge  monochromator  crystal  was 
used  to  obtain  the  rocking  curves  from  (400)  reflections  in  the  samples. 
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RBS  channeling  measurements  were  subsequently  performed  with  a  2  MeV 
He+  beam  and  a  scattering  angle  of  170°.  During  the  procedures  for 
alignment  of  the  crystal  <100>  axes  with  the  incident  beam  and  the  time 
required  to  collect  the  spectra,  the  crystals  received  a  total  dose  of  up 
to  3  x  10  D  He+/cm.  Significant  changes  were  observed  in  rocking  curves 
obtained  after  the  channeling  measurements  in  GaAs;  hence,  fresh  places  on 
all  samples  were  selected  for  analyses  performed  after  RBS  measurements. 

Attempts  were  made  to  anneal  out  the  ion  implantation  damage  by 
annealing  at  500°C,  which  has  previously  been  reported  to  largely  remove 

O 

damage  in  CdTe  generated  by  Bi  implantation;0  however,  the  duration  used  in 
this  anneal  was  not  stated.  RBS  results  from  the  present  samples  suggested 
that  very  little  improvement  occurred  after  annealing  at  500°C  for  1  hour, 
except  possibly  at  the  surface.  Photoreflectance  (DR)  measurements  were 
made  to  investigate  the  crystal  quality  after  the  anneal. 
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III.  RESULTS 


RBS  channeling  spectra  for  unimplanted  CdTe,  GaAs,  and  Si  crystals  are 
shown  in  Fig.  la.  The  depth  scales  for  the  RBS  spectra  have  been 
calculated  following  the  numerical  procedure  outlined  by  Chu  et  al.^  The 
true  atom  densities  of  the  crystals  {for  Si:  N=4.99,  GaAs:  N^4.428,  and 
CdTe:  N=2.94  1022  atom/cm^)  were  used  in  the  calculation;  however,  the 
stopping  cross-section  factor,  [ e ] ,  and  the  scattering  cross  section,  o,  of 
the  GaAs  and  CdTe  crystals  were  calculated  as  if  they  were  composed  of  As 
and  Te,  respectively.  The  small  offset  between  the  depth  scales  for  the 
elements  in  the  compounds  is  neglected.  The  spectrum  heights  have  been 
normalized  to  the  randomly  oriented  CdTe  spectrum  height  to  compensate  for 
the  differing  scattering  cross  sections  of  the  various  elements.  The 
results  for  the  unimplanted  crystals  show  an  Xmin  (the  ratio  of  the  yield 
for  Lhc  ali6r,c;d  crystal  t*  that  of  the  randomly  aligned  crystal!  of  2.1%, 

4 . 7% ,  and  10%  for  <100>  Si,  <100>  GaAs,  and  <1Q0>  CdTe,  respectively. 

These  values  show  that  the  unimplanted  CdTe  is  not  as  high  quality  as  some 

Q 

CdTe  crystals  reported  in  the  literature,  however,  this  was  not  important 
since  the  B  implantations  produce  damage  that  was  readily  observable 
compared  to  the  defects  already  present  in  the  starting  material. 

The  effect  of  the  narrow  RT  implant  on  CdTe  was  to  apparently  make  the 
crystal  almost  amorphous  (Fig.  1b),  with  the  Xmin  rising  to  8 2?  at  the 
depth  which  produces  the  greatest  baekscattering  yield.  This  is  very  much 
greater  than  for  GaAs  (47?)  or  Si  (39 ?).  The  yield  is  greater  in  CdTe 
partly  because  of  the  larger  scattering  cross  section  from  the  heavier 
atoms  xn  this  crystal  that  will  enhance  dechanneling. 

Following  the  narrow  LN2  implantation  (Fig.  1c),  the  Si  and  GaAs 
crystals  were  apparently  made  amorphous  (Xm^n  -  100?);  however,  the  Xmin  in 
CdTe  rose  to  80?,  which  was  approximately  the  same  as  the  narrow  RT 
implant.  CdTe  was  therefore  more  difficult  to  mate  completely  amorphous 
compared  to  Si  or  GaAs  but  may  nevertheless  be  easily  damaged.  This  could 
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also  be  seen  in  the  deep  RT  implantation  (Fig.  Id).  Here  the  total  dose 
was  one-fifth  that  used  in  the  narrow  implantations,  and  this  was  reflected 
by  the  fact  that  very  little  damage  is  evident  in  the  GaAs  spectrum. 
However,  the  CdTe  was  again  severely  damaged  (Xmin  >  66%). 

Normalized  x-ray  rocking  curves  obtained  from  the  unimplanted  GaAs  and 
CdTe  crystals,  as  well  as  curves  obtained  after  the  three  implantations, 
are  compared  in  Fig.  2.  Structure  appears  in  the  rocking  curves  for  the 
implanted  GaAs  contributed  by  implantation-induced  strain  in  the  crystal 
that  has  caused  an  expansion  of  the  GaAs  crystal  planes  normal  to  the 
surface.10  No  comparable  structure  appears  for  CdTe,  out  to  | A6 |  =  0.18°, 
except  for  a  single  satellite  peak  seen  in  the  deep  RT  sample.  This 
satellite  peak  implies  that  the  implant  has  produced  a  layer  of  average 
strain  of  0.07%,  which  is  an  order  of  magnitude  smaller  than  the  strains 
seen  in  GaAs.  It  is  possible  that  satellite  peaks  are  also  present  in  the 
spectra  for  the  other  CdTe  samples  but  were  not  resolved  from  the  main 
peak.  However,  it  can  be  concluded  that  the  implantations  in  CdTe 
generally  produce  buried  strained  layers  with  considerably  smaller  strain 
compared  to  those  seen  in  GaAs.10 

Several  optical  properties  of  CdTe  have  been  shown  to  be  altered  by  B 
11-17 

implantations.  J  However,  most  optical  methods  can  probe  less  than 
100  nm  from  the  surface,  which  is  shallow  compared  to  the  damage  produced 
by  the  present  implants.  PR  measurements  were  found  useful  for 
investigation  of  the  effects  of  annealing  the  narrow  RT  sample.  PR  is  a 
contactless  version  of  electromodulation  spectroscopy1*1  for  measurement1^ 
of  the  band  gap  optical  transition  energy.  Results,  obtained  at  room 
temperature,  are  shown  in  Fig.  3.  The  PR  lineshapes  have  been  fitted  with 
a  standard  Aspnes  function,1-*  which  enabled  the  empirical  linewidth 
parameter,  r,  to  be  determined.  The  linewidth  for  the  unimplanted  materia) 
was  found  to  be  24  meV .  After  the  narrow  RT  implantation,  the  resulting 
linewidth  has  broadened  significantly  and  reduced  in  amplitude,  showing 
that  severe  disorder  had  been  introduced  into  the  crystal  as  also  seen  from 
RBS  results  (not  shown).  The  PR  lineshape  in  this  case  could  not  be  well 
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Fig.  2.  DCD  X-ray  Rocking  Curves.  The  Upper  Curve  in  Each 
Pair  is  for  CdTe,  the  Lower  for  GaAs:  (a)  Unimplanted, 

(b)  Narrow  RT,  (c)  Narrow  LN2 ,  and  (d)  Deep  RT  Implantations 


fitted  with  the  Aspnes  function.  After  annealing  the  sample  at  500°C  for 

1  h,  the  lineshape  recovered  some  of  the  amplitude  and  had  width  of  51  meV, 

more  than  twice  as  wide  as  the  unimplanted  material.  Similar  results  were 

obtained  from  other  CdTe  samples  with  different  implantation 
12 

conditions.  These  results  suggest  that  some  of  the  disorder  produced  by 
the  B  implantation  could  be  reduced  by  the  500°C  anneal  for  1  h;  however, 
the  increased  PR  linewidth  and  the  RBS  results  show  that  significant 
residual  damage  is  still  present. 


» 


§ 

-  1 


14 


IV.  DISCUSSION 


It  is  not  possible  to  quantitatively  compare  the  damage  produced  in 
the  crystals  by  direct  comparison  of  the  RBS  spectra  for  the  aligned, 
implanted  crystals  because  the  yields  are  the  sum  of  a  peak  contributed  by 
direct  scattering  from  defects  and  an  error-function-like  yield  contributed 
by  cumulative  dechanneling  by  the  defects. ^  The  contribution  from 
dechanneling  was  modeled  by  a  linear  function,^  which  was  subtracted  from 
the  raw  spectra  of  the  implanted  crystals  (Fig.  1b,  c,  d)  to  give  the 
direct  scattered  fraction.  The  direct  scattered  fraction  was  numerically 
converted  into  the  displaced  atom  density  by  assuming  that  the  direct 
scattering  factor1^  was  equal  to  unity.  This  assumption  is  true  if  all  of 
the  scattering  centers  are  isolated  displaced  atoms.  Since  the  formation 
of  extended  defects  cannot  be  ruled  out,  the  result  is  termed  the 
"effective  displaced  atom  density,"  hereafter  refered  to  as  "EDAD." 

Given  the  approximations  involved  here,  this  is  a  zeroth  order 
representation  of  the  damage  profile  in  CdTe.  The  approximations  are  less 
severe  when  the  same  procedure  is  applied  to  Si  and  GaAs  because  of  the 
smaller  contribution  to  the  backscattered  yield  from  the  dechanneled 
fraction.  So  that  the  results  for  the  three  different  crystals  could  be 
compared,  the  EDAD  was  divided  by  the  atomic  densities  to  give  the 
percentage  of  displaced  atoms.  The  results  are  shown  in  Fig.  4.  The 
maximum  EDAD  for  CdTe  is  close  to  40%  for  each  implantation,  despite  wide 
variations  for  GaAs  (<5*  to  100% )  and  for  Si  ( 25%  to  100*).  This  implies 
that  the  damage  in  CdTe  is  not  a  strong  function  of  the  implantation 
parameters  when  the  B  dose  is  above  3  *  lO1^  B/cm2,  in  agreement  with 
previous  results  for  Bi,  Te,  and  In  implantation  where  the  damage  was  found 

Q 

to  increase  with  the  log  of  the  dose.  The  damage  profile  in  CdTe  appears 
to  be  correlated  with  the  number  of  displacements  per  atom  (dpa)  calculated 
from  the  modified  Kinchin-Pease  relation:^® 


dpa(x) 


0.4 
N  E 


f  D 
dx 


(1) 
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%  Displaced  *  Displaced  *  Displaced 


where  E^  is  the  average  displacement  energy  of  the  Cd  and  Te  lattices  equal 

Q 

to  6.7  eV,  dE/dx  is  the  damage  energy  density  per  ion  from  the  computer 
program  TRIM^,  and  D  is  the  B  ion  dose.  The  results  show  that  the  centroid 
of  the  effective  displaced  atom  concentration  coincides  closely  with  the 
peak  in  the  dpa  profile  (Fig.  4b,  c,  d)  as  well  as  the  peak  in  the  B 
concentration  profile  from  the  NDP  measurement  (Fig.  4a). 


V.  CONCLUSIONS 


CdTe  behaves  quite  differently  upon  B  implantation  compared  to  Si  and 
GaAs.  The  small  displacement  energy  of  the  CdTe  lattice  (6.7  eV,  Ref.  8) 
compared  to  GaAs  (9  eV,  Ref.  19)  and  Si  (14  eV,  Ref.  20)  probably  accounts 
for  the  relative  ease  with  which  CdTe  may  be  damaged.  The  polarity 
parameter21  of  the  CdTe  lattice  (0.78)  suggests  that  the  difficulty  of 
amorphization  is  because  of  the  more  ionic  nature  of  CdTe  compared  to  GaAs 
(0.47)  and  Si  (0).  The  polarity  parameter  is  zero  for  non-polar  lattices 
and  1  for  completely  polar  lattices.  Further,  the  nature  of  the  defects 
induced  in  CdTe  by  the  implantation  do  not  give  rise  so  readily  to  strained 
layers  compared  to  GaAs. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  "architect -engineer”  for 
national  security  projects,  specializing  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation’s  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  ot 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff’s  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  therraomechanlcs ,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out -of -f ield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verif ication,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault  •’olerant  computer  systems,  artificial  Intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  raicrowave/millimeter  wave  measurements, 
diagnostics  and  radiometry,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals , 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory:  Magnetospheric,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomy, 
infrared  signature  analysis;  effects  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


